The suggestion was made in the 1870s that mechanical irritation of the arterial wall is a cause of atherosclerosis, because the changes were chiefly found at points "exposed to the full stress and impact of the blood." The mechanical damage theory persisted until well into the 20th century when, with interest increasing in multidisciplinary research, two fluid mechanical proposals were advanced for the patchy distribution of the lesions. One advocated high-and the other low-wall shear. Arterial wall shear stress levels appeared, however, insufficiently high to damage the endothelium. In contrast, examination of cadaver human arteries, combined with flow studies in models and casts of arteries, implied that the lesions occurred preferentially in regions expected to experience low-wall shear; a mechanism, involving arterial wall lipid metabolism and shear-dependent blood-wall mass transport, was suggested to account for that distribution. These proposals helped stimulate extensive investigation of arterial fluid mechanics/mass transport and vascular biology/pathology, revealing mechanisms that may explain the now widely confirmed preferred occurrence of atherosclerosis in low wall shear regions in adult human beings. (Arterioscler Thromb Vasc Biol. 2009;29:158-161.) 
Fluid Mechanics and Pathology
Polymaths, including Leonhard Euler (1707-1783) and Thomas Young (1773-1829), studied wave propagation in arteries, but they do not appear to have investigated the arterial flow field. Interest in atherosclerosis and the mechanisms that underlay its patchy distribution in arteries increased from the later 19th century onward. However, in contrast to the polymath approach, there was then a tendency toward specialization in engineering and biology/pathology/ medicine, a development unfavorable to research in the essentially multidisciplinary field of arterial fluid dynamics. The specialization largely persisted until the middle of the 20th century, when interest increased in multidisciplinary research. Therefore, it was against a background of specialization that much of the research of the 19th century and first half of the 20th century on blood flow and atherosclerosis was undertaken.
It is important to appreciate that wall shear stress and wall shear rate are characteristics of the local flow field. The former is the force applied parallel, or tangential, to a boundary, and the latter is the gradient of velocity normal to the boundary. The wall shear stress is the product of the wall shear rate and the viscosity of the fluid. In citing relevant studies, we comment, where indicated, on instances of incomplete understanding of the fluid mechanics.
Several workers suggested that flow separation might occur in the arterial system at, for example, sites of curvature, branching or expansion of the cross-section. Suggested links between flow separation and the development of atherosclerosis included mechanical damage to the wall, 1,2 platelet deposition, 3 and fibrin deposition. 4 Flow separation and static zones may occur in arteries and investigation of the issue continues. 5 Notably, however, no attempt appears to have been made in any of the above studies to determine whether a correlation existed between suggested sites of wall damage, or flow separation and actual sites of occurrence of atherosclerosis.
McDonald (1960), 6 following Duguid and Robertson, 7 speculated that there might be a correlation between regions where shearing force was maximal and the commonest sites of arteriosclerosis. Mitchell and Schwartz (1965) , 8 quoting McDonald, 6 suggested that a slow wall stream will exert a large shearing force on the artery wall. Consequently, they proposed that areas where the shearing strain is high, such as those immediately distal to the intercostal ostia, are likely to show a high prevalence of fatty streaking, whereas areas where the shearing strain is probably reduced, will often be free from fatty streaking. In fact, as we argued 9 and subsequently showed 10 (see below), areas immediately distal to the intercostal ostia can be expected to experience high wall shear stress.
Fry and colleagues made major contributions to the understanding of the effects of physical factors on the arterial wall. 11 They demonstrated changes of the morphology and alignment of endothelial cells by adjacent blood flow 12 that acutely increased shear stress (below that causing damage) increased the transendothelial transport of protein, 13, 14 and that the permeability of the endothelial surface in the region of branch orifices appeared to be nonuniform. 11 They showed, moreover, that arterial endothelial cells acutely exposed to a time-smoothed shearing stress below about 380 dyn/cm 2 remained normal essentially elastic bodies, tightly adhered to the basement membrane. Above that approximate value, there was rapid deterioration of the endothelial surface with the appearance of fat or fibrin in the cells. 15 Fry 15 suggested that high wall shear stresses could possibly occur at certain local sites in arteries, such as at branches and bends. However, he expressed awareness of other in vivo effects, such as stretch, and was cautious in relating their findings to the occurrence of atherosclerosis.
Our involvement in this area dates from the 1960s, when, for personal reasons, I became interested in arterial disease and began to study the flow in an arterial bifurcation. I met at that time and began to collaborate with James Lighthill, a distinguished mathematical scientist. 16 Recognizing that curvature and branching are major features of the arterial system, he suggested some model studies, reminiscent of Taylor, 17 but comparing indicator dispersion in a curved pipe with that in a straight pipe, under physiological conditions. The findings 18, 19 implied the presence of secondary motion in blood flow in curved and branching arteries. In addition, they encouraged consideration of the effects of flow-induced wall shear, including on blood-wall mass transport.
With hindsight, three strands would seem to have underlain our proposal of the low-wall shear theory for atherosclerosis. 9,10 They were: (1) realization that the arterial wall can synthesize or modify lipid, apparently from precursors supplied from the lumen, for example, 20,21 ; (2) recognition that wall shear rate could influence the diffusional flux of material between the blood and the arterial wall and would influence to a greater extent the flux of materials with a low than a high diffusion coefficient; (3) recollection of work by colleagues: Schroter and Sudlow 22 had shown in a model study of bronchial airway flow ( Figure 1 ) that near-wall velocity was higher immediately distal to the flow divider at a bifurcation than at the opposite outer wall, leading to the expectation of a similar distribution of near-wall velocity and wall shear at arterial branches. I also recalled having read Fox and Hugh. 4 When the idea occurred to me that, given the above conditions, atherosclerosis could be expected to occur in low wall shear regions, I read immediately Mitchell and Schwartz. 8 I found (p.65), "Areas where the shearing strain is high or likely to be high show a high prevalence of fatty streaking, and areas such as those immediately distal to the intercostal ostia, where the shearing strain is probably reduced, are often free from fatty streaking." This, as noted above, was contrary to experimental findings. 22 Given these ideas, we tested and confirmed our predictions concerning the distribution of wall shear at a small side branch and in larger arteries, using flow models and a shear-dependent mass transfer technique. We then investigated, with the least delay, the distribution of early atherosclerotic lesions at sites of branching in a series of cadaver adult human arteries-the aortic arch, celiac, superior mesenteric, and renal arteries. We selected arteries with early lesions, in the expectation that there would be less distortion of the geometry and flow field, staining the specimens with Sudan lll. We found that the inner wall at sites of branching (immediately distal to the flow divider) was much less affected by disease than the outer wall ( Figure 2 ), implying less involvement of regions expected to experience relatively high wall shear.
In the light of these findings, we proposed: (1) that atherosclerosis in adult human beings develops preferentially in regions in arteries which experience low wall shear; and (2) a mass transfer mechanism which could account for that distribution, involving the synthesis, or alteration, of lipid in the arterial wall, apparently from precursors supplied from the lumen and the gradual accumulation of materials in the arterial wall, with local wall shear affecting local supply and removal rates. 9, 10 We added that if the upper limit of vessel tolerance was exceeded, as suggested by Fry, 11,13,15 a wall damage mechanism could be important. We also added 10 (p. 130) that wall shear could influence wall permeability, on either a long or short time scale, but considered this unlikely, in view of the normally small magnitude of shearing stresses. 
Reactions to Proposals Wall Shear and Distribution of Lesions
The proposal was not accepted immediately that atherosclerosis develops preferentially in low-wall shear regions. Several factors probably accounted for the reluctance, which to a small extent still persists. They included: the longstanding belief that mechanical damage is a causative factor; the use of incorrect geometries in model studies; incorrect understanding of the flow field (including the distribution of wall shear) at bends and branches; and uncritical comparison between results obtained in cadaver adult human arteries and the arteries of cholesterol-fed animals.
A controversy was perceived between high and low wall shear as causative factors for atherosclerosis in adult human beings [23] [24] [25] ; we cite some of the early papers which confirmed the preferential occurrence of lesions in low wall shear regions. We wish also to state that no difference in scientific viewpoint ever affected the friendship of those closely involved.
Kjaernes et al, 26 Svindland, 27 Grottum et al, 28 and Svindland and Walloe 29 studied postmortem specimens of, respectively, the brachiocephalic arteries, the left main coronary bifurcation, and aortic intercostal ostia of human subjects who had died violent or noncardiovascular deaths. Among their conclusions were that lesions were present preferentially in regions expected to experience low-wall shear, that the pattern of distribution was very similar for sudanophilic and fibrous plaques, and that it differed from results obtained in most animal models.
Friedman et al, 30 using a realistic pulsatile flow, measured near-wall velocity at locations in a cast of a human aortic bifurcation and measured intimal, medial, and adventitial thickness at corresponding sites in the vessel from which the cast had been made. They reported a negative correlation between intimal thickness and wall shear rate, and particularly between intimal thickness and pulse shear rate.
Zarins et al 31 compared the distribution of nonstenosing, asymptomatic intimal plaques in adult human carotid autopsy bifurcations with the distribution of various fluid mechanical parameters in corresponding scale models, using steady flow over a range of Reynolds numbers. They concluded, in sum-mary, that regions of moderate to high shear stress, where the flow remained unidirectional and axially aligned, were relatively spared of intimal thickening. In contrast, intimal thickening and atherosclerosis developed largely in regions of relatively low wall shear stress, flow separation, and departure from axially aligned unidirectional flow. Fry 13 showed in animal experiments that increase of wall shear stress (within a range which did not appear to cause endothelial damage) enhanced the transport of Evans blue into arteries and postulated that this was attributable to a direct effect of shear on the wall. Caro and Nerem 32 studied the transport of lipoprotein labeled with 14 C-4-cholesterol between perfusing serum and perfused dog arteries. Increase of wall shear stress within the physiological range appeared to increase the flux of the labeled macromolecular species, although the change was not statistically significant. However, two of their findings were inconsistent with fluid phase-controlled macromolecule transport, which had been postulated. They were absence of spatial dependence of the uptake of the labeled species and a far lower flux than predicted. 9, 10 Arterial wall mass transport has emerged as highly complicated, dependent on the 3-dimensionality of vessels and pulsatility of the flow, and still incompletely understood. In summary, it would appear that the blood-wall transport of low molecular weight species can be strongly influenced by the fluid phase, [33] [34] [35] whereas that of macromolecules is controlled by the wall, but can be influenced by the fluid phase. 33, 35, 36 The contribution of arterial wall lipid metabolism to atherosclerosis has also proved far more complicated than envisaged and to involve cholesterol oxidation 37 and endothelial dysfunction.
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Conclusions
The belief was held for more than 100 years that mechanical damage to the arterial wall underlay the patchy development of atherosclerosis.
It is now widely confirmed that atherosclerosis in adult human beings develops preferentially in arterial regions where wall shear is low. 25, 38 The influence of other flow phenomena associated with these regions, and the underlying mechanisms and related biological phenomena are the subject of intensive study. 39 -44 Arterial wall mass transport has proved far more complicated than originally anticipated; it appears to play an important role in atherogenesis, with lesions developing where the transport is compromised. 33, 35, 45, 46 Discovery of the role of wall shear in atherosclerosis may have contributed to other advances, including recognition that intimal hyperplasia also preferentially affects low wall shear regions and the understanding of endothelial function/dysfunction.
The reviewer is aware that he was offered in all kindness a poisoned chalice. The field is now vast and the required brevity of this review has made it impossible to mention more than a few contributions. Sincere apologies are extended to colleagues whose work has not been cited, or been incorrectly reported.
